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SUMMARY 
A.  This summary covers the work performed on a research and 

development study program under NASA Contract NAS5-10219. 
The purpose of this study is to optimize the design of the 
existing Engineered Magnetics Model EMCR131 DC/DC Converter 
and thereby attain an improved version to be designated 
Model EMCR131A. 

B. A block diagram of the basic approach to the Model EMCR131A 
design is shown in Figure 1. A square-wave current driven 
oscillator drives a toroidal transformer which has four 
isolated power outputs. These outputs vary in proportion 
to the input voltage but are so designed that they always 
exceed the required output voltage by at least 2 volts. 
Final regulation of each output is accomplished by separate 
free running switching-mode regulators which operate by 
chopping the input voltage and then filtering the resulting 
rectangular wave. 

C. During the first quarterly period of effort, the overall 
approach of the EMCR131 was examined and confirmed. To make 
optimization possible, the free running switching-mode 
regulator circuit was analyzed in detail and an equation 
was obtained for output ripple in terms of the circuit 
parameters. This analysis revealed the importance of 
several circuit imperfections including resistance of a 
capacitor, switching times of a transistor, and hysteresis 
of a comparator. The effect of this capacitor resistance 
on the regulator design was evaluated with these effects 
in mind. 

D. During the second quarterly period of effort, a twelve-volt 
free running switching-mode regulator was constructed using 
a low level circuit having a very small, controllable, 
hysteresis and short delay times. The regulator was then 
used to quantitatively check the analysis which was performed 
during the first quarterly period of effort. In order to 
evaluate the RcC durations of various capacitors, a triangle 
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current generator was constructed, and measurements were 
then made from an oscilloscope screen. Various forms of 
current limiting were investigated (in an attempt to improve 
the EMCR131 design), and various reliability techniques 
(parallel power stages, best two-out-of-three low-level 
networks, etc .) were considered. 

E. During the third quarterly period of effort, a 5OV free 
running switching-mode regulator was constructed using 
redundant l o w  level circuits and redundant current limiting. 
Performance was tested and verified, including transfer 
functions of the low level majority circuit. An awilliary 
power supply for the low level modules was designed and 
partially tested. The fusing of capacitors as a reliability 
measure was considered. 

F. In the final period of effort, the design, construction and 
testing of the EMCR131A DC/DC Converter was completed. 
Nearly all design goals were met or exceeded. 
calculations indicate more than 90% probability of completing 
a 3 1/2 year mission with no failures and negligible drift. 
This report is a complete summary of all four periods of 
effort from basic assumptions through final design, 

Reliability 
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I. INTRODUCTION 
This is the final report describing an effort to advance the 
state of the art of DC/DC power conversion. These advances 
are proved by the development of a Model EMCR131A DC/DC Converter 
by optimizing the existing Model EMCR131 design. 

The Model mCR131 DC/DC Converter is the result of a previour 
research and development study program under NASA Contract 
NAS5-3470, which was completed as described in EM Report 1598 
dated May 1, 1965, titled Final Report for Research and Develop- 
ment on DC/DC Converter Engineered Magnetics Model EMCR131. 
This model was designed for high efficiency and high reliability 
operation from a solar cellbattery combination power source. 
It provided 59 watts output from four regulated, isolated, 
short circuit and overload protected (excepting the 50 VDC) 
outputs. The Model EMCR131A is designed for ultra high 
reliability and is overload protected on all outputs. For a 
block diagram of the Model EMCR131A, see Figure 1. 
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IIo REQUIREMENTS 

The Primary purpose of t he  i n v e s t i g a t i o n  is  t o  improve t h e  s t a t e  
of t h e  a r t  of DC/DC power conversion. 
tested by f a b r i c a t i n g  a breadboard t o  a p a r t i c u l a r  s p e c i f i c a t i o n .  

The input  vo l tage  is normally 19.6 v o l t s  DC b u t  might vary between 
1 2  and 20 v o l t s  DC. This input is  converted t o  fou r  i s o l a t e d  
ou tpu t s  of 12,  12, 20, and 50 V o l t 8  DC. The output8 a r e  t o  re- 
main wi th in  1 1 2  percent  of t h e  nominal vo l t age  for a l l  cond i t ions  
of inpu t  vol tage,  load power (12 t o  60 w a t t s ) ,  and temperature  
(-1OOC t o  +60°C). The output  r i p p l e  is t o  be he ld  q u i t e  l o w  
(20 m i l l i v o l t s  peak-to-peak on t h e  50V output8 10 m i l l i v o l t 8  

peak-to-peak on the o t h e r  ou tputs )  although u n c l a s s i f i e d  noise 
n o t  included i n  the r i p p l e  may be eomewhathigher (100 m i l l i v o l t s  
peak-to-peak on t h e  50V output  and 50 m i l l i v d t s  peak-to-peak on 
t h e  o t h e r  o u t p u t s ) .  Two dynamic r egu la t ion  condi t ions  w e r e  
s p e c i f i e d :  a s h i f t  of input  vol tage between 1 2  and 20VDC with  
a 10 mil l isecond rise t i m e ,  and a s t e p  load change between 
minimum and maximum load on e i t h e r  of t h e  l2VDC outputs .  
e i t h e r  of t h e s e  dynamic condi t ions ,  t h e  outputs  a r e  not t o  
change by  more than  1/2 percent  from the i r  va lues  be fo re  t h e s e  
cond i t ions  a r e  appl ied and a r e  t o  recover wi th in  10 m i l l i -  
seconds t o  t h e  normal r egu la t ion  range. 

These improvements w e r e  

Under 

Ef f i c i ency  is  t o  be 85 percent  a t  f u l l  load and 80 percent  a t  

l i g h t  load. A l l  ou tputs  a r e  t o  be p ro tec t ed  aga ins t  overload 
by c u r r e n t  l i m i t i n g  a t  about 150 percent  of normal f u l l  load 
and a r e  t o  recover when t h e  overload is  removed. 

The u n i t  i s  t o  be highly r e l i a b l e  and designed t o  o p e r a t e  i n  
space f o r  30,000 hours o r  longer with no f a i l u r e  and n e g l i g i b l e  
d r i f t .  Redundancy and f a i l - s a f e  techniques a r e  t o  be used  t o  
achieve t h i s  goal.  
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III. PESION 
A. Conficruration 

Tho b a s i c  requiromonte of the  syrtom a r e  vol tage  ccfnversion, 
i r o l a t i o n ,  and rogula t ion .  Figure 1 is the  block diagram of 
the .PProach U s d m  Convarsion and i s o l a t i o n  a r e  accornplishod 
by a t r a n r i r t o r  orcillator and t r a n r f o m e r  w i t h  four  output8  of 
romewhat h igher  vo l t aga  than the requ i r ed  rogulated o u t p u t s .  
Rogulat ion i.8 t hen  accomplirhed by fou r  t r an r i r r to r  r e g u l a t o r s  
whieh reduce these vol tage8 to  the requi red  l e v e l s  and maintain 
them there regard lase  of v a r i a t i o n s  of  l i n e  and load. 

Severa l  o t h e r  b a r i c  conf igura t ions  were considered, b u t  t he  
one chosen is p a r t i c u l a r l y  s t ra ight forward .  The f 1 / 2  
porcont  r e g u l a t i o n  requi red  over a w i d e  range of loads d i c -  

t a t e s  the u s e  of s e p a r a t e  output r egu la to r s .  Previously,  
tho low output  r i p p l e  s p e c i f i c a t i o n  and t r a n s i e n t  load re- 
quiremont could only have been m e t  by u s i n g  four  l i n e a r  series 
rogu la to r s .  Such regulators d i s s i p a t e  large amounts of power 
a t  high input  vo l tage .  Therefore,  some form of high e f f i c i e n c y  
#witching-mode pro-rogulator  would have t o  be a d d e d  either be- 

foro o r  a f t o r  the  convoi tor .  I n  t h i s  s tudy,  however, swi t ch -  
ing-modo r o g u l a t o r s  ware davaloped w i t h  such l o w  output  r ipple 
t h a t  thoy could supply the f i n a l  r e g u l a t i o n  d i r e c t l y .  The 
mhplo conf igu ra t ion  t h a t  r o e u l t s  is  p a r t i c u l a r l y  eff ic i sn t .  
bocauro tho c u r r a n t  must  pass through only three semi-conductors ;  
(1) a 88tUratOd t r anmi r to r  i n  the  o s c i l l a t o r ,  (2 )  a rectifier, 
and (3) e i t h o r  a r a t u r a t o d  t r a n s i s t o r  o r  a diode i n  the reg- 
ulator.  
d r i v o  and tho  r e g u l a t o r s  have rodundant low l e v e l  sense c i r cu i t s  
and redundant c u r r e n t  l imi t ing .  

E. Convrr tar  
Tho conver te r  conmirts  of a square wave t r a n a i s t o r  o s c i l l a t o r  
d r i v i n g  a t o r o i d a l  transformer w i t h  four  power output88 f o u r  
biar outputp,  and the a r roc ia t ed  rectifiers. The t r a n s i e t o r s  

The o r c i l l a t o r  uree a vary o f f i c i a n t  t y p e  of c u r r e n t  
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opera t e  i n  a ewitching mode i n  which they  a r e  normally f u l l y  
on or f u l l y  o f f ,  and t h u r  d i e e l p a t e  l i t t l e  power. The con- 
v e r t e r  m u r t  o p e r a t e  over  a very w i d e  range of i npu t  c u r r e n t s  
f o r  t w o  reaeone. F i r e t ,  of  courme, the  loads  themselves may 
vary over  a range of 581. Second, t ho  switching-mode 
r o g u l a t o r s  tend  t o  draw a c o n r t a n t  input  power when feeding 
a c o n r t a n t  load. Thua, i n p u t  c u r r e n t  increamem am i n p u t  
v o l t a g e  decraamoa. Them two offactr  cauee the  inpu t  curront * 

t o  tho conver t e r  t o  vary  from approximately 0.7  ampm (mini- 
mum load, high l i n e  vol tage)  t o  approximately 7.2 ampr (50 
v o l t  ou tpu t  overloaded almoot t o  t h e  l i m i t i n g  p o i n t ,  o tho r  
output6  a t  f u l l  load,and low l i n e  v o l t a g e ) .  I n  o r d e r  t o  
o p e r a t e  e f f i c i e n t l y  over  t h i e  range, a c u r r e n t  d r iven  rquaro- 
wavo o s c i l l a t o r  c i r c u i t  is u s e d  am ehown i n  Figuro 2. 

Thir c i rcu i t  f m  r t a r t e d  by  a r epa ra t e  unijunction t ranrr ie tor  
(not  mhown) which i r  e f f e c t i v a l y  removed from the  c i r c u i t  

when o m c i l l a t i o n  i m  achieved. With on. t r a n e i e t o r  on (eay 
Q102) the c u r r e n t  ruppl iad  t o  the bar. i r  determined by tho  
collector c u r r e n t  and the t u r n 8  r a t i o  of the  e a t u r a b l e  t r a n r -  
former T101. This emall  t raneformer ham a turnm r a t i o  of 
approximately 2 3 r l  which provides  the baee w i t h  onough c u r r e n t  
t o  guarantee  s a t u r a t i o n  b u t  never de l ive r8  an exceseive ba re  
c u r r e n t .  
0102 while  t he  vo l t age  r e f l o c t e d  t o  t h e  c o l l e c t o r  c i r c u i t  
i r  on ly  one twenty- third of t h i a .  
(4103) he ld  O f f  W i t h  'vbe (eat) on t h e  baee. 
core of T l O l  e a t u r a t s e  and c u r r e n t  i n  drawn from t h e  baeo of 
0102 for a f e w  microeeconde ( the e torage  t h o )  a f t e r  which it 
t u r n e  of f .  A8 tho collector c u r r e n t  of 0102 fall. ,  T I 0 1  
Corn08 back o u t  of maturat ion and app l io r  p o r i t i v o  vol tago  t o  

r a t u r a t a r  again,  

The vo l t age  on the  baee winding  i 8  Vbo (eat) of 

The oppoei to  t r a n r i e t o r  
Eventual ly  the 

LC - sn- baa. of ~133, ~%i&, 'riiriir OR +fie rciitafii~ eii iiiitil T l G l  
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The circuit has two main advantages: (1) the base drive is 
never excessive even under widely varying load conditione, and 
(2) both transistors are never on at the same time (not even 
for the transistor storage time as in some circuitr). The 
frequency is fairly constant at approximately 5 KHz, which ie 
both an advantage and disadvantage compared to some voltage- 
driven circuits in which the frequency is proportional to 
input voltage. In the current driven circuit, T102 is dorignod 
to support the highest input voltage at 5 KHe and thus could bo 
operated at luwer frequencies when the input voltage i8 lw. 
Lower frequencies would be desirable from an efficiency 
standpoint. On the other hand, the input ripple filter 
must be quite heavy to filter even the 5 KHz and would have 
to be much larger if the frequency were allowed to decrease. 

Transformer T102 does not saturate and is wound on a core 
of low-squareness permalloy which has the advantages of low 
coercive force (for lm core loss) and of the ability to 
tolerate limited assymetrical drive. 

The efficiency of the converter under various conditions is 
shuwn in Figure 3. 

9 7  
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A t  h igh input  vo l tage  ( t h e  usual cond i t ion )  the e f f i c i e n c y  
inc reases  a s  the load increases  w h i l e  t h e  oppos i te  i s  t r u e  
a t  low input  vol tage.  This unusual effect  may be explained 
i n  t e r m s  of the  predominant type of loss under  each of t hese  
condi t ions .  The co re  is d r i v e n  c l o s e s t  t o  s a t u r a t i o n  a t  high 
input  vol tage.  Therefore,  core  loss is  h ighes t  under  t h i s  
cond i t ion  and predominates over o t h e r  l o s ses .  
loss is cons tan t  wi th  v a r i a t i o n s  i n  load, t h e  e f f i c i e n c y  
inc reases  as t h e  load power is increased.  
core loss is smal le r  (about 12/20 of t h e  l o s s  a t  h igh  input  
vo l tage)  w h i l e  the  input  c u r r e n t  is l a r g e r  (about 20/12 a s  
l a r g e  e t  t h e  same load power). Also, the t r a n s i s t o r  s a t u r a t i o n  
vo l t age  is a l a r g e r  percentage of the  input  vo l tage  and recti- 
fier vol tages  a r e  l a r g e r  percentages of t h e  output  vo l tages .  
T h i s  means t h a t  t h e  t r a n s i s t o r  s a t u r a t i o n  and rectifier vol tage  
drops predominate a t  low input  vo l tage .  Both t h e  magnitude 
of the vol tage  drops and t h e  c u r r e n t  through them increase  as 
t h e  load power i s  increased,  so e f f i c i e n c y  goes down. This 

e f f e c t  is minimized by u s i n g  high c u r r e n t  r e c t i f i e r s  which 
have lower vol tage  drops than r e c t i f i e r s  of normal r a t i n g .  

A vol tage-dr iven conver te r  of comparable weight might be 

expected t o  have e f f i c i e n c y  equal  t o  the c u r r e n t  d r i v e n  
conver te r  only under one optimum combination of input  vo l tage  
and load power. 

S ince  core 

A t  low i n p u t  vo l tage ,  

C. Switchins-Mode Resulators  
1. Descript ion 

I n  o rde r  t o  m e e t  t he  low r i p p l e  and dynamic load 
requirements,  a convent ional  &sign  would n e c e s s i t a t e  a 

series regu la to r  opera t ing  i n  a l i n e a r  mode. However, 
- u1-C.h --.. - r r r r r r 1  -3  --- atnira -- .- - d i s s i p a t e  l a r g e  amounts of power. es- 

p e c i a l l y  a t  a high input  vol tage.  
r e g u l a t o r  s i m i l a r  t o  Figure 4 is more e f f i c i e n t .  

A switching-mode 

- 10- 
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In this type of regulator a transistor is used as a 
switch to produce a series of pulses with an amplitude 
eqtlal to the full input voltage. This train of pulses 
is then passed through a filter where it is reduced to 
the DC component of the train. 
compared to a reference voltage and the resulting ernor 
si$nal controls the duty cycle of the pulse train. 
Switching-mode regulators were previously used only for 
high ripple applications. 
regulator with l cm ripple was developed during the 
courts8 of this study. 

This DC component is 

However, a switching-mode 

The duty cycle of the pulse train may be controlled in 
a number of wayts. A free-running switching-mode reg- 
ulator technique (Patent pending) in which the switch 
i8 controlled directly by the error signal, has several 
advantages over other methods. 

-11- 



The ripple output of any switching-mode regulator is 
a function of the frequency (higher frequency gives 
lower ripple but also lower efficiency) and the input 
voltage. Since the free-running regulator operates 
from its own ripple, that ripple remains fairly constant. 
The frequency adjusts itself to the minimum necessary 
for the required output ripple at a given input voltage. 
A typical plot of there parameters is shown i n  Figure 5. 
A conotant-frequency type regulator would have to run 
at the highest frequency i n  order to meet the ripple 
specification at high input voltage, but would far 
exceed the specification (at the cost of efficiency) 
at low input voltages. The free-running switching-mode 
regulator also has an advantage in that it operates 
well over the wide range of load currents required 
(30rl on two of the outputs) and, indeed, even at no 
load. 

, 

' ''EOUT 
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2. Ana lvs is 
Although t h e  free-running switching-mode r e g u l a t o r  i e  
phys i ca l ly  a f a i r l y  simple c i r c u i t ,  t h e  opera t ion  i e  
more complicated than one  might expect.  I n  o rde r  t o  
improve t h e  r i p p l e  and dynamic load response of t h e  
free-running switching-mode c i r c u i t ,  and t o  opt imize 
it wi th  r e spec t  t o  weight, s ize ,  and e f f i c i e n c y ,  an 
a n a l y s i s  aimed toward a better understanding of t h e  
c i r c u i t  was undertaken. 

The a n a l y s i s  of t h e  c i r c u i t  ( d e t a i l e d  i n  t h e  appendix) 
revealed a number of i n t e r e s t i n g  aspec ts :  
2. The q u e l i t y  of t he  capac i tance  is c r i t i c a l .  The 

product ,  RcC, of the series r e s i s t a n c e  and t h e  
capac i tance  must be small ,  o r  a l a r g e  f i l ter  w i l l  
be required.  

b. The response time of t h e  feedback network is c r i t i c a l  
even though it is small  compared t o  t h e  per iod  of 
t h e  p u l s e  t r a i n .  
t h e  turn-off  time Toff b r i m a r i l y  the s to rage  t i m e  
of t h e  power t rans is to i ) ,  t h e  l a r g e r  t he  phys ica l  
and e l e c t r i c a l  s i z e  of  t h e  requi red  f i l t e r .  I n  
f a c t ,  if Ton + Tof f  exceeds 2RcC t h e  free-running 
switching-mode regula tor  cannot be designed t o  be 
s t a b l e  no matter how l a r g e  t h e  f i l t e r  used .  

The g r e a t e r  the turn-on t i m e  Ton and 

c. The h y s t e r e s i s  (a) of*feedback network i s  c r i t i c a l .  
The peak-to-peak r i p p l e  i s  o f t e n  only s l i g h t l y  
l a r g e r  than d, b u t  under  some condi t ions  t h e  feed- 
back c i r c u i t  may " r ing"  up t o  va lues  many t i m e s  d.  

To v e r i f y  t h e  f i n a l  equat ions of t h i s  c i r c u i t  a n a l y s i s ,  
a 12V f ree-running switching-mode r egu la to r  was con- 

FT34B), a low r e s i s t a n c e  c a p a c i t o r ,  and an i n t e g r a t e d  
c i r c u i t  feedback amplif ier .  For c o n t r o l l e d  low hys- 
teresis (d) t h e  high gain i n t e g r a t e d  c i r c u i t  ope ra t iona l  
a m p l i f i e r  u s e d  p o s i t i v e  feedback a s  i l l u s t r a t e d  i n  
Figure 6. 

s t ruc t ed  a lGw+tozage-' ' -- & ----: -&-- /I¶-; --L.< 1 2  
L ~ I I I W  L & a a & o A o L u L  \ ~ - a r i b ~ r ~ r u  
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This c i r c u i t  had l e s e  than 0.5 MV of hyetereeis,  
open loop, making the c i r c u i t  q u i t e  s tab le  when 
Rd was adjusted for  3.0Mv hystereaie.  
back technique was l a t e r  incorporated on a l l  free- 
running switching-mode regulators  uaed in the f i n a l  
breadboard. 
The c i r c u i t  paramotors were: 

Thie feed- 

d = 3mV = 24.0V - 12.0v 
= 1.7ps.c 

lou t  
Ton 
=off 

= 0.015n Rc 
C = 800p.F 
L = 1.0 mH 

The r e s u l t s  ware: 

- 3.85p.eec 

Inductor current Rippb voltage 
(peak-to-peak) (peak-to-peak) 

Calculated 0.30 Amperes 5.OMV 
Measured 0.28 Amperes 4.9Mv 

-14- 
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Current  and v o l t a g e  waveforms also  had the shape 
p red ic t ed  by the  a n a l y s i s .  

With t h e  a n a l y s i s  v e r i f i e d ,  free-running switching-  
mode r e g u l a t o r s  were then  designed f o r  the fou r  con- 
v e r t e r  ou tputs .  
F igu re  7 .  
minimum of 150% of f d l l  load and a l l  c r i t i ca l  low l e v e l  
c i r c u i t s  ( i .e.  comparators, r e f e rences ,  and c u r r e n t  
l i m i t i n g )  are redundant f o r  high r e l i a b i l i t y .  

The block diagram is shown i n  
All outputs  are c u r r e n t  limited a t  a mini- 

Redundant Voltage Sensing 
Each free-running switching-mode r e g u l a t o r  i s  con- 
t r o l l e d  b y  three sense modules ope ra t ing  i n  a best- 
two-out-of-three or "majori ty"  arrangement as shown 
i n  F igu re  8 .  Each sense module r ece ives  the ou tpu t  
vo l t age ,  reduces t h e  v o l t a g e  by means o f  a tempera- 
t u r e - s t a b l e  resistive d i v i d e r  and compares t h e  vo l t age  
t o  a temperature-s table  r e fe rence .  The d i f f e r e n c e  
(or error) s i g n a l  i s  then  ampl i f ied  by an i n t e g r a t e d  
c i r c u i t  o p e r a t i o n a l  a m p l i f i e r  and a g a t e  providing a 
bistable output  of II1" or a "0". 

The i n v e r t e r - d r i v e r  reacts i n  favor  of t w o  or moreof 
t h e  sense  modules. That is, i f  the  output  of the f i rs t  
t w o  s ense  modules are "ll's b u t  a f a i l u r e  has occurred. 
i n  t h e  l as t  aense module so t h a t  i t s  ou tpu t  is a "O", 
the inve r t e r -d r ive r  sees t h i s  as a "l'' . Any s i n g l e  

sense  module can f a i l  i n  either d i r e c t i o n  and the  frce- 
running switching-mode r e g u l a t o r  w i l l  s t i l l  func t ion .  

Under normal (no f a i l u r e )  ope ra t ion ,  r e g u l a t i o n  Is 
e s p e c i a l l y  good because t h e  poorest sense  module i s  
always ignored. 

-15- 
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Suppoee t h a t  a t  -20°C8 t h e  output  of sene8 modulo 21 
of the  50V free-running switching-mode r egu la to r  
switches when t h e  r egu la to r  ou tput  i s  a t  49.910 

v o l t s .  A t  t h e  satt:e temperature,  sense module 
22 might ewitch a t  49.955 v o l t s  and 8ense m o d u l e  23 

a t  49.963 Volt8 a6 shown i n  Figure 9. The i n v e r t e r -  

t h e  m i d d l e  of t h e  three.  A t  25OC# sense module 21 
might switch a t  50.000 v o l t s ,  eense module 2 2  a t  
50.200 v o l t s  and aenee module 23 a t  49.980 volts .  A t  

t h i a  temperature,  t h e  f ree-running switching-mode 
r e g u l a t o r  would opera te  a t  50.000 v o l t s ,  again t h e  
m i d d l e  of t h e  thrao .  This o f fec t  a l s o  opera to^, of 
couree,  f o r  v a r i a t i o n s  w i t h  l i n e  vo l tage  and load cre 

w e l l  as with  t e m p r a t u r e .  Even i f  one sense module's 
r e fe rence  w e r e  t o  d r i f t  d r a s t i c a l l y ,  r egu la t ion  would 
s t i l l  be unimpaired. Thus# i f  i n  t h e  above 25OC ex- 
ample, sen88 module Zl switched a t  45.000 v o l t s  ( d u e  

t o  a non-catastrophic  r e fe rence  f a i l u r e )  t h e  u n i t  would 
s t i l l  r e g u l a t e  i n  e p e c i f i c a t i o n  a t  49.980, t h e  m i d d l e  of 
t h e  th ree .  

. dr ive r  would then  switch when t h e  output  was 49.955 vo l t s ,  

Figure 9 a c t u a l l y  shows m r m l i z e d  experimental  data .  
When all t h r e e  sense modules a r e  ad jus ted  t o  ope ra t e  a t  
nea r ly  t h e  same 8ense vol tage ,  it is o f t e n  d i f f i c u l t  t o  
t e l l  which sense module i s  i n  c o n t r o l  of t h e  power s tage .  
For t e s t i n g  purposesr each 6en6e module was ad jus ted  t o  
a d i f f e r e n t  vo l tage  (approximately 49, 50, and 51V) and 
each i n  t u r n  was placed i n  c o n t r o l  by  s imula t ing  a 
f a i l u r e  i n  another sen6e module. The e f f e c t  of varying 
t h e  temperature  could then  be observed ind iv idua l ly  
SL - - A  1 L U  ..VI - - - m % . l ( n a A  L L a U  & Y U tc! e_hp e9+,fiing_a +-hat might A_ct1_?ally be 
ueed. The normal output  would be t h e  m i d d l e  l i n e  
(shown e o l i d ) ,  while  t h e  dashed l i n e s  t m l d  be t h e  
l i m i t 6  i n  t h e  event  of f a i l u r e  i n  one oenee module. 

-18- 
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Tho t r a n s f e r  funct ion (vol tage  i n t o  inve r t e r -d r ive r  
va eenesd output  vol tage)  i s  shown i n  t h e  osc i l l oecope  
trace, Figure 10. This t r a c e  wae obtained by apply- 
ing  50VDC and about 40 MV p-p AC t o  the s e n s e  l eads  
of t h e  t h r e e  imnse module8 (between OUTPUT + and OUTPUT - 
i n  Figure 8) and t o  the h o r i z o n t a l  a x i s  of the o s c i l l o -  
.cope. The v e r t i c a l  a x i s  is the vo l t age  a t  t h e  junc t ion  
of t h e  t h r e e  summing r e s i s t o r e  (with t he  inve r t e r -d r ive r  
dieconnected) .  The t h re sho ld  of t h e  fol lowing s t a g e  i a  
ouch t h a t  t ho  u n i t  normally opera tee  i n  t h e  middle loop 
( t h e  on. t h a t  intersects t h e  th reaho ld ) .  

If any s e n s e  m o d u l e  w e r e  t o  f a i l  ( i . e . ,  a f u l l  on o r  
f u l l  o f f  condi t ion)  there w o u l d  be only two hye te re s i s  
loope, b u t  one of them would c ros s  t h e  threshold.  I f ,  
on the  o t h e r  hand, the threehold vol tage  were t o  d r i f t  

below 2.0 Volt8 o r  above 4.0 v o l t s ,  t h e  u n i t  would s t i l l  
ope ra t e  ( though i t  would no longer be able t o  t o l e r a t e  
c e r t a i n  f a i l u r e s  i n  the s e n s e  modules). Note t h a t  the  
hys t e ree io  i e  t h e  same f o r  a l l  three loops e ince  it is 
determined only by t h e  feedback r e s i s t o r e .  

4. Redundant C u r r e n t  L i m i t i n q  

A l l  f ou r  conver te r  outpute  a r e  c u r r e n t  l i m i t e d  a t  150% 
of  r a t e d  load. The p r o t e c t i o n  c i r c u i t r y  i s  the  same 
f o r  a l l  conver te r  outpute  and is shown i n  Figure 11. 
F u l l  redundancy ( sec t ion  A and s e c t i o n  B of Figure 11) 
i a  used t o  guarantee t h a t  c u r r e n t  l h i t i n g  w i l l  never 
occur  merely because of a f a i l u r e  i n  t h e  c u r r e n t  
l i m i t i n g  c i r c u i t s .  

The c u r r e n t  is eeneed wi th  a low va lue  r e s i s t o r  and t h e  
resulting vol tage  is conparad t o  t h e  d i f f e r e n c e  between 

and a t r a n a i r t o r  base-emitter vol tago.  

&-.*a - ~ - ( - n - A ~ . n t n *  4 n q n a t 4 n n  rtnl tnrrna. diose vo l tage i  C W W  D I L l l L ~ . Y . . Y U I - " -  ,-..--I-.. .---.->--, 

When t h o  vo l t age  

-20- 



7 .O 
6 8 0  

5 -0 

4.0 

3.0 

2.0 

I .o 
0 

49 

LOW T E M P  

THRESHOLD OF 
NEXT STAGE 

r 
r 

\-HIGH T E M P  

.06 

SENSED OUTPUT VOLTAGE ( V D C )  

IO. VOLTAGE INTO INVERTER DRIV€R 
VS S E N S E D  OUTPUT VOLTAGE. 

-2f- 



i 

1 
I 
I 

-12- 



I 

When the vo l t age  across  the  sense  resistor (0 .05  t o  
0.10) reaches about 75 MV, Q51 and 052 are  turned  
on, holding t h e  inve r t e r -d r ive r  i n  an o f f  cond i t ion  
u n t i l  t h e  c u r r e n t  decreases .  Since Q51 and 052 are 
i n  series, they m u s t  bo th  be on i n  o rde r  t o  cause t h e  
free-running switching-mode r e g u l a t o r  t o  t u r n  o f f .  

While a f a i l u r e  i n  t h i s  redundant c u r r e n t  l i m i t i n g  
c i r c u i t  might d e a c t i v a t e  t h e  p r o t e c t i o n ,  no s i n g l e  
f a i l u r e  i n  Sec t ion  A or  i n  Sec t ion  B could cause  t h e  
u n i t  t o  t u r n  off prematurely. Thus t h e  f a i l u r e  rate 
for the e n t i r e  redundant c u r r e n t  l i m i t i n g  c i r c u i t  is 
reduced almost t o  the f a i l u r e  ra te  of t h e  sense  
r e s i s t o r  only.  (Loss of overload p r o t e c t i o n  is  no t  
considered t o  be a f a i l u r e ) .  

If t h e  t w o  sens ing  s e c t i o n s  A and B, a r e  n o t  ad jus t ed  
t o  l i m i t  a t  e x a c t l y  t h e  same c u r r e n t ,  l i m i t i n g  occurs 
a t  t h e  h igher  of t h e  two. Each s e c t i o n  cah be in- 
d i v i d u a l l y  observed by s imula t ing  a f a i l u r e  i n  t h e  
o t h e r ,  i . e . ,  sho r t ing  Q51 o r  052 collector-emitter. 
Performance of t h e  50V free-running switching-mode 
r e g u l a t o r  under these cond i t ions  i s  shown i n  F igure  12 
and 13. Normal opera t ion  would be on t h e  s o l i d  l i n e ,  
w i t h  t h e  dashed l i n e  a lower l i m i t  i f  a f a i l u r e  should 
occur i n  t h e  redundant c u r r e n t  l i m i t i n g  c i r c u i t .  

5. Component Evaluation 
The a n a l y s i s  of t h e  free-running switching-mode reg- 
u l a t o r  c i r c u i t  (see Appendix) i nd ica t ed  t h a t  i f  t h e  

RcC product  of the capac i to r s  is n o t  s m a l l ,  a l a r g e  
f i l t e r  ( l a r g e  LC produc t )  is r equ i r ed  t o  achieve  low 
r i p p l e .  
no t  avaiiauie from fiost capacitor i i i anu fzc t~ re r= .  The 

usual  measuring technique i s  an impedance b r i d g e ,  b u t  
t h i s  g ives  e r ra t ic  readings a t  high frequency when 
the c a p a c i t o r  i s  very l a rge .  

Unfortunately,  high frequency RcC d a t a  is  
-.I -.I 
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A new test method was used to determine the RcC 
at high frequency. The circuit is illustrated in 
Figure 14. 

I 1 

FIO(L1RE 14. CAPACITOR TEST ClRCUIT. 

The oscillator frequency is much higher than the 
resonant frequency of the inductance and the capacitor. 
Thus the circuit prowides a triangle current into 
the capacitor to approximate the conditions found 
in the switching-mode regulator. The voltage across 
the capacitor is observed on an oscilloscope and 
C and R are measured directly on the screen, or 
from photographs of the trace as shown in Figure 15a. 
Figure 15b gives the equations used to calculate 
the RcC product of a typical sprague 350 D capacitor 
from the oscilloscope photograph of Figure 15 a. 

C 

Typical data were taken on a variety of capacitors 
using this method and the results are given in 
Table I. The Hunter-Stanley WS series of capacitors 
appear to be excellent for this application, but 
reliability data is not complete. 

The Sprague 350D aeries of solid tantalum capacitors 
were chosen for the 12 volt free-running switching- 
mode regulators. A bank of thirteen capacitors was 
required on each 12V regulator to meet the ripple 
and transient load specffications. 
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TYPE, RATED C 
& RATED VOLTAGE 

AT 85°C/1000C 

W8 140, 2200 WI 

(Eunter-Sg~~est) 
W8 141, 1600 p# 

(Hunter-Stanley) 

20 V/ 15 V 

30 V/ 20 V 

WS 142, J.200 bt  

50 V/ 30 V 
(Hunter- Stanley) 

WS 145, 375 plr 

100 V/ 65 V 

(Hunter-Stanloy) 
350 D 1000 vl 

20 v 
(10x100 WP in 

29F 1000 g 36 
1000 @F 52 V/35 V 

1 

(old model) (G.E.) 

(newer model)(G 

TABLE I .  MEASURED CAPACITOR PARAMETERS, 

~~ 

(0) FREQUENCY ( m e )  
C (CrN - -  - 
RcC 5 10 20 

e018 014 eo12 
C 1820 1560 1250 

15 - 22 .-.- 33 RCC -. . 
e 018 .ais 0012 

C 1390 1250 960 
R C  25 18 12 

eo20 e 017 e015 RC 

Rcc 
RC 

RCc 9 9 

C 1185 1020 808 
23 17 12 

.025 e 023 e 020 
C 350 400 3 90 

8 - -  
a025 .020 e017 

C 870 893 782 

22 18 13 

0035 .033 030 
C 952 1250 834 

Rcc 

RC 

33 - 

R ~ C  -. 

1000 29F pF 3272 52 V/35 0 18 V C RC 

16K 361 95- Rc 
75 v/so v C 

(G.E . )  Rcc 
137D 270 bl 

15 v C 

(SPragud 
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:: 86 ~~~8~~ 
48 40 
100 
48 -- 

3 L  
- -  - 22 - -  

0 368 288 245 
167 125 93 
60 36 23 



Sprague 350D c a p a c i t o r s  a r e  n o t  a v a i l a b l e  a t  v o l t a g e  
r a t i n g s  above SOV, t h e r e f o r e  General Electr ic  29F 
and 16K c a p a c i t o r s  w i th  h igher  vo l t age  r a t i n g s  a r e  
used f o r  the  50V free-running switching-mode regula-  
t o r .  Although the R C products  of these c a p a c i t o r s  
are poor,  fewer c a p a c i t o r s  a r e  needed. This is 
possible because t h e r e  is  no t r a n s i e n t  load requi re -  
ment f o r  e i t h e r  t h e  50V or t h e  20V r e g u l a t o r s ,  and 
p i - sec t ion  f i l t e r s  could be used i n s t e a d  of  s i n g l e  
banks of c a p a c i t o r s .  The r i p p l e  across t h e  i n p u t  
c a p a c i t o r  of a p i - sec t ion  f i l t e r  may be q u i t e  h igh  
s i n c e  t h e  remainder of t h e  f i l t e r  provides  cons ide rab le  
a t t e n u a t i o n .  This  means t h a t  c a p a c i t o r s  w i t h  r e l a t i v e l y  
poor RcC products  ( b u t  adequate vo l t age  r a t i n g )  can 
be used and r e l a t i v e l y  few c a p a c i t o r s  are requi red .  
The only disadvantage is  s l o w  t r a n s i e n t  load response 
and t h i s  is  n o t  a problem on the  2 0 V  and 50V r e g u l a t o r s .  

C 

The f r e e  running switching-mode r e g u l a t o r  a n a l y s i s  
a l so  shows t h a t  the  switching t i m e  of the  power 
t r a n s i s t o r  must be s h o r t  i f  the  f i l t e r  is t o  be 

s m a l l .  A number of t r a n s i s t o r s  w e r e  t e s t e d  for 
swi tch ing  t i m e  i n  a c i r c u i t  t h a t  s i m u l a t e s  t h e  free 
running switching-mode r e g u l a t o r  and t h e  r e s u l t s  are 
summarized i n  Table 11. The F a i r c h i l d  FT-34B t r an -  
sistor w a s  chosen f o r  t h e  c r i t i ca l  1 2 V  r e g u l a t o r s  
because it has very f a s t  switching t i m e s  and a very 
low s a t u r a t i o n  vol tage  drop. A S o l i t r o n  2 N 2 6 5 8  

w a s  used f o r  the 20V r e g u l a t o r  which, w i t h  i ts p i -  
s e c t i o n  f i l t e r ,  i s  n o t  so c r i t i c a l  a s  t o  switching 
t i m e .  A S o l i t r o n  STD7A23 w a s  used f o r  t h e  50V r e g u l a t o r  
because of i t s  h igh  vo l t age  r a t i n g  (140V Vceo) .  
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TABLE 11. TRANSISTOR SWITCHING TIMES. 

MANUFACTURER TYPE I.D. NO. trice tfall 

CONT. DEV. 855M-3 2G21003 -08 . 18 
855M-3 BT4488 .06 . 28 

TRW 8551-3 1535 - 0 5  . 11 
855M-3 1530 -05 . 12 

SOLITRON 2N2214 X . 06 . 15 
MHT7403 X -07 . 14 
M"6313 X . 04 012 
2N2658 BF3798 . 04 . 10 
2N2658 BR3594 . 04 . 14 
SES196 A . 06 . 15 
SES196 B -06 . 15 

FA IRCHILD FT-7207B 
FT-7207B 
FT-34B 
FT-34B 

. 04 -025 . 04 -025 
-03 . 14 
-03 . 16 

t* toracre 

1.6 
2.4 

2.2 
2.1 

4.8 
5.3 
2.6 
2.2 
2.4 
2.8 
2.8 

0.8 
0.7 
1.1 
1.4 
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6, Eff i c i ency  of Regulator6 
A murvoy wam made of t h e  power loen mechaniemr i n  on. 
of the free running ewitching-mode r egu la to r6  ( the 
1 2 V  a) t o  l o c a t e  the moat promieing arean for improvo- 
rnant. Tho t r a n r i e t o r  owitching losses were found t o  
bo t he  l a r g e s t  s i n g l o  t y p e  of lonr .  It wan observed 
t h a t  when the  r e g u l a t o r  .witching t r a n e i e t o r  began t o  
t u r n  off, t h e  vo l t age  acro6m t h o  t ranmie tor  roe8 from 
n e a r l y  zero t o  tho f u l l  i n p u t  voltage almomt immedi- 
a t o l y ,  b u t  t h e  c u r r o n t  d i d  n o t  f a l l  m u b ~ t a n t i a l l y  u n t i l  
nome t i m a  l a t e r .  T h i o  maintainad the t ranmie tor  a t  
high powor lovolm (although w i t h i n  r a t i n g )  f o r  approx- 
imatoly on. micronecond caurring 0.68 watt6 of power 
lomr a t  40KHz. T r a n e i r t o r  bas. waveforme ind ica t ed  
t ha t  t h o  t r a n s i s t o r  wao ml ight ly  t u r n i n g  on aga in  dur- 
i n g  tho c o l l e c t o r  vo l tage  rima. To coun te rac t  t h i e  
effect, a kick winding on t h e  inductor  WLIB ueed t o  
mwi tch  t h o  t r a n n i r t o r  baeo negat ivo am moon as ewitch- 
i n g  wam mtarted. Thim tochniquo d ramt ica l ly  roducod 
tho powor 108. am ahown Ln Figuro 16. W i t h  t he  kick 

winding i n  p lace ,  most of t he  1 2 V  r egu la to r  l o s s e s  are 
d iv ided  almost equal ly  among three types:  

Watts 
Diode forward drop 0.27 
6enmo module0 0.23 

possee a t  20V i n p u t  - 

Tranmimtor m l t c h i n g  0.22 

Regulator  e f f i c i e n c y  i s  e x c e l l e n t  even a t  the high 

frequency used  and w i t h  redundant sense and c u r r e n t  
l i m i t i n g  c i r c u i t s .  Ef f ic iency  of t he  5 0 V  r e g u l a t o r  
( the best i n  t h i s  r e spec t )  is shown i n  F igure  1 7 .  
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F\GURE 16. 
RMER DISSIPATION IN REGULATOR SWITCH\UG 

TRANS\STOR AT TURN OFF. 
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D. Power For Low Level Circuits 
Each of the redundant voltage sense modules require 
approximately 80MW of power at 12V, or a total of 240MW 
per output regulator. For the 12V, this power could be 
taken directly from the regulated output. To supply 
the voltage sense modules of the 20V and 50V regulators 
from their respective outputs would require resistive 
dividers. The power drawn from the 50V output for this 
purpose would be: 

2 (E) ( 3  X 0.08) = 4.17W 

which is excessive. 

To avoid this power drain, a separate, or auxilliary, 
power supply is used which provides regulated power for 
all the voltage sense modules in all the free running 
switching-mode regulators. This approach has two 
additional advantages: the outputs of the regulators are 
automatically started when power is applied to the 
voltage sense modules, and the auxilliary power supply 
can also provide power for the current limiting circuit. 

This auxilliary power supply must, of course, be ultra- 
reliable. Complete redundancy is used. A failure any- 
where in the auxilliary power supply could be tolerated 
without ill effect. The straightforward approach used 
for the auxilliary power supply, illustrated in Figure 18, 
is possible because the regulation need not be precise 
and the power involved is small. Two complete sections 
are operated in parallel. Each section consists of a 
very simple type of free running switching-mode regulator 
followed by a transistor square-wave converter. Diodes 
are used to couple corresponding outputs of the two sections 
to prevent a failure in one section from loading the other 
section. The inputs are fused to prevent a failure in one 
section from excessively loading the input line, and 
zener diodes are used to protect against any possible 
excessive voltage. 
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The fou r  isolated outputs  of t h e  a u x i l l i a r y  power supply 
are nominally a t  13.6V. This is reduced t o  about 1 2 V  

and d i s t r i b u t e d  t o  t h e  vo l t age  sense  modules by a 
r e s i s t i v e  network. This network l i m i t s  the c u r r e n t .  I n  
the even t  of a f a i l u r e  of one v o l t a g e  s e n s e  module i n  any 
free running switching-mode regulator, t h e  f a i l u r e  could 
be t o l e r a t e d  wi thout  loss of power t o  the o t h e r  v o l t a g e  
sense  modules. 

The r e g u l a t i o n  is very  good under normal operating condi- 
t i ons ,  as shuwn i n  F igure  19. The ou tpu t  remains between 
13.6V and 14.1V even if a f a i l u r e  occurs .  This 0.5V 
maximum change would shift the  power o u t p u t s  by only  0.05%. 
Ef f i c i ency  of  the a u x i l l i a r y  power supply is approximately 
60%when both s e c t i o n s  a r e  running and about  67% f o r  
e i t h e r  s e c t i o n  a lone .  This e f f i c i e n c y  would n o t ,  of cour se ,  
be accep tab le  i n  a main power conve r t e r ,  b u t  is quite 
reasonable  i n  t h i s  a p p l i c a t i o n  s i n c e  t h e  power involved 
i n  only 1.2 w a t t s .  E f f i c i ency  w a s  t r a d e d  f o r  r e l i a b i l i t y  
t o  the e x t e n t  t h a t  t h e  f a i l u r e  rate of t h e  a u x i l l i a r y  
power supply is n e g l i g i b l e  i n  t h e  o v e r a l l  r e l i a b i l i t y  
c a l c u l a t i o n .  (See Sect ion V I ,  R e l i a b i l i t y . )  
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CONVERTER 
OUTPUT 

1 2  (a) 

12  (b) 

20 

50 
C 

h - -.-I- --- 
OUTPUT CURRENT (MA) 

MINIMUM MAXIMUM 
AT AT 

1 2 v  INPUT 2bV INPUT 
AHD AT -1OOC AND AT +60°C 

SO0 1000 

50 1000 

25 500 

100 500 1 

TABLE 111, INPUT, LOAD, AND TEMPERATURE CONDITIONS. 

The ou tpu t  v a r i a t i o n r  w i t h  each of theee parametere  
are rhown i n  Figures  20 ,21  and 22. The f avorab le  
s f f o c t  of redundancy i r r  p a r t i c u l a r l y  n o t i c e a b l e  for 
t h e  12V(a) o u t p u t  VB t empera ture  (Seo F i g u r e  22.)  

One v o l t a g e  aenae module of t h e  f r o e  running switching- 
modo r e g u l a t o r  is  i n  c o n t r o l  below 20°C, a eecond bo- 
twoon 2OoC and 3OoC, and the t h i r d  above 3OoC. 

w o r m t  car. ou tpu t  voltagor aro rummarirrod i n  T a b l o  
xv. 

Tho 
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r 1 CONVERTER ' SPECIFIED MEASURED __ -- __ s - - _ _ _  
, OUTPUT LIMITS (mc) i VOLTAGE (m) INPUT (vd?%E?h~m (?,I 

I 
I 

12.06 ' 12.00 20 M I N  +60 

1 2  (a) 
M I N  11.94 11.98 1 2  FULL -10 
MAX 12.06 12.01 20 M I N  +60 

MIbl 11.94 11.97 1 2  F U U  -10 
MAX 20.10 20.03 20 M I N  +60 

M I N  19.90 19.98 1 2  FULL -10 
MAX 50.25 50 . 10 20 M I N  6 0  

1 2  04 

20 

50 t 
M I N  49.75 49 . 86 1 2  I FULL - 10 

TABLE I V .  WORST CASE OUTPUT VOLTAGE. 

. 
CONVERTER 12V(a) 12V(b) 20v 
OUTPUT 

EXCURS ION 
OBSERVED < 10 < 10 15 

SPEC IF IED 60 60 100 

I 

2. Dv namic Remalat ion 
When the u n i t  is  s u b j e c t e d  t o  a step change i n  i n p u t  
voltage (10 m i l l i s e c o n d  rise t i m e )  between t h e  limits 
of 12V and 20V, t h e  o u t p u t  v o l t a g e s  change o n l y  s l i g h t l y .  
Maximum e x c u r s i o n s  from t h e  o u t p u t  voltages pr ior  t o  t h e  

input  v o l t a g e  step change a re  summarized i n  Table V. 

50V 

60 

250 
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Dynamic r egu la t ion  f o r  e t e p  change6 I n  load c u r r e n t  
i o  roquired only on tho 1 2 V  outpute  w i t h  no epec i f iod  
ria.  t i m e .  A mercury  ro lay  was u s e d  t o  provide an 
o e a e n t l a l l y  fnatantaneoua load change. The output  
c a p a c i t o r s  f o r  t h e  1 2 V  f r e e  r u n n i n g  ewitching-mode 
rogu la to re  were chosen t o  meet t h e  dynamic r e g u l a t i o n  
requirement of f 1/2 percent  excursion. A l e e r  
a t r i n g e n t  requirement (i.e. a l a r g e r  excureion o r  
longer  riae t i m e )  could be m e t  wi th  f e w e r  o u t p u t  
capac i to ra ,  Teat  r e a u l t e  under  woret-caee condi t ion8  
a r o  ehown i n  F igu re  23 ( 1 2 V ( b )  ou tput  e h i f t e d  between 
50 mA and KDOmA, o the r  output8 a t  f u l l  load, h p u t  
vo l tago  t o  u n i t  a t  12vDc). The maximum excursion waa 
5OmV. 

8.  O u t p u t  Ripple and Noire 
O u t p u t  r i p p l e  i a  w e l l  w i t h i n  e p e c i f i c a t i o n  Under a l l  
apec f f i ed  condi t ione .  Worat c a m  condi t ione  occur  a t  
h igh  temperaturo (whero otorage time is g r e a t e s t )  and 
a t  m i n i m u m  load (where damping l a  l e a s t ) .  The r i p p l e  
incroaaoe f o r  bo th  low and high extreme. of input  
vo l tago  (800 Figura 5 ) ,  b u t  1. g r o a t e e t  a t  t h o  loweet 
input .  Tho r i p p l e  porformanco i r  6ummarizod in T a b l o  

V I  . 
TABLE V I .  OUTPUT RIPPLE. 

PEAK-TO-PEAK OUTPUT RIPPLE (mV) I 
GPEC. WORST CASE 
MAX. (12VIN, 6OoC, MI# LOAD) 

t 1 I I 

I 
L a i n  I 

& W  

10 5 

10 5 

! 5 I 

5 i 
i 2 

! 20 I 10 I 3 I 
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Cm 

Dm 

I n  a d d i t i o n  t o  t h e  r i p p l e  (which occur6 a t  t h e  7 t o  
10 KHz frequency of t h e  f r e e  running ewitching-mode 
r egu la to re )  t h e r a  i e  an unc laee i f i ed  noiee i n  t h e  

form of epikee.  The amount of no i se  measured de- 

-pende c r i t i c a l l y  on t h e  meaeuring technique mince 
t h e r e  i t a  no RFI f i l t e r i n g  or  s h i e l d i n g  on t h e  bread- 
board.  A packaged converter with  the ueual RFI 
filter. and ehirldm would mret tho aprcified 50mV 
(lOOmV on the 5OV output)  peak-to-poak noiso roquiro- 
ment. 

Eff i c i e n c v  
Ef f i c i ency  of  t h e  EMCR131A io w e l l  above t h e  requi red  
85% a t  f u l l  load and reachee t h e  maximum e f f i c i e n c y  of 
88.4% a t  high input  voltage,  a s  shown i n  Figure 24. 

As the  load power i e  reduced, e f f i c i e n c y  decreaees 
. l i gh t ly ,  b u t  is  still above 85% a t  ha l f  load. A s  

l i g h t e r  loads are approached, however, the  f ixed  loseeo 
of the redundant c i r c u i t r y  become more apparent and 
e f f i c i e n c y  decreases,  oee Figure 25. A t  minimum load, 
e f f i c i e n c y  i e  below t he  requi red  80% b u t  reaches 80% 
a t  loads  only s l i g h t l y  g r e a t e r  than minimum. E f f i c i ency  
va r i ea  only e l i g h t l y  over the e n t i r e  temperature  range. 
Figure 26 ehowa t h e  a c t u a l  power lose under  var ious  
cond i t ions  and Figure 27 i o  a breakdown of  t h i a  power 
lose  under t y p i c a l  condi t ione (20V input ,  1/2 load)  . 
O u t p u t  P r o t e c t  ion 
Al l ,  fou r  f r r e  running owitching-mode r e g u l a t o r  ou tput  are 
c u r r e n t  l imi t ed  a t  a minimum 150% of nornial load. The 
c u r r e n t  l i m i t i n g  c i r cu i t  is  redundant and designed t o  in su re  
a g a i n s t  l o s s  of output vo l tage  except under a v a l i d  overload. 
As shown i n  Figure 12 output  vo l tage  drops sha rp ly  a t  
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m o m s  c u r r e n t  r l i g h t l y  g r e a t e r  t han  150% of  normal load. 
An the  load r e e i a t a n c o  i m  decreamed t o  a mhort c i rcu i t ,  
t he  c u r r e n t  increase8  only a few parcent .  The free 
running switching-mods r e g u l a t o r  ou tpu t  c u r r s n t r  are 
rrhown i n  Piguro 28  a8 funct ion6 of t m p e r a t u r e .  Two 
overload condi t ione  are i l l u e t r a t s d r  200% load* which 
giver a currant near the  break  point  of t h o  v o l t a g e  

. c u r r o n t  plot ,  and a dead short which g i v e r  t he  max- 
hwrn c u r r e n t  ob ta inable .  The d a t a  platted on Figuro  
28 i a  a t  20V i n p u t  b u t  the v a r i a t i o n  w i t h  i n p u t  voltago 
i a  amall. 

1. Input  Noise, RFI, S i z e  and Weiqht. 

The c o n v e r t e r  i e  requi red  t o  c o n t r i b u t e  no more than  
20MV poak-to-peak noise  back i n t o  an  input  w i t h  0.1 

ohm t o  1.0 ohm hpedanca. The EMCRl31A meeta t h i a  
unurua l ly  movere r e e t r i c t i o n  under a l l  condi t ion6  
(wormt  caeo i a  15MV peak-to-peak a t  6OoC, 1 2 V  input ,  
f u l l  loaU) b u t  the input  f i l ter  r equ i r ed  woightr mor. 
t han  9 02. A survey of mattelite power ruppliem i n  
t h i 6  power range roveale  t h a t  requiromenta aro 
t y p i c a l l y  lOOMA to 200MA peak-to-peak noime c u r r e n t .  
These lorra s eve ro  rpec i f ica t ionm can be m e t  w i t h  much 
l igh ter  filterm. 

Tho breadboard contain6 no RFI f i l t o r i n g  or sh io ld ing .  
A f l i g h t  u n i t  would, of courre, inc ludo  theae  componentm 
and would c o n t r i b u t o  nogligiblo o loc t ro~gne t i c  intor- 
f c rence  t o  the environment of the u n i t  w i th in  t h e  space- 
c ra f t .  The electromagnet ic  interference s p e c i f i c a t i o n  
fo r  t h i s  u n i t  is MIL-I-6181B which requires the  a b i l i t y  
t o  accept  a 3 v o l t  RMS audio  inpu t  on the  power i n p u t  
l i n e s  without  a f f e c t i n g  the o u t p u t  e i g n i f i c a n t i y .  Such 

Thie is 200% of normal f u l l  load conductance. Load 
r e e i e t a n c e  is ha l f  of normal f u l l  load r e a i e t a n c s .  
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an input  is r a r e l y  encountered i n  a sa t te l i te  p o w e r  
system. The requirement is  usua l ly  waived or modified, 
because to m e e t  it a t  low i npu t  vo l tage  means a larger 
t ransformer ra t io  and a l o w e r  e f f i c i e n c y .  

The component part6 for t h e  conver te r  weight 3.3 pounds, 
inc luding  t h e  inpu t  filter - s l i g h t l y  larger than  t h e  
dosign goal of 3.0 pounds. It might bo possible (by 
t h e  uao of wolded modules) t o  f i t  t h e a e  component parts 
into a 9 X 5 X 2 inch box as spec i f i ad ,  bu t  t h i a  de- 
pond. on tho type  of mounting, connector, and s ize  of RFI 
f i l t e r ing .  
deaign freedom and a c c e s s i b i l i t y .  

t; 

A s l i g h t l y  larger size would give much greater 
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v. RELIABILITY 

A. Stress Levels 
A l l  component p a r t s  of the EMCRl31A are operated w e l l  w i t h i n  
t h e i r  s p e c i f i e d  r a t i n g s .  For most components, t h e  maximum 
stress l e v e l s  reached may be e a s i l y  determined from t h e  c i r c u i t  
a p p l i c a t i o n s  of t h e  component p a r t s  and a f e w  c a l c u l a t i o n s .  
Peak stresses on t h e  power t r a n e i s t o r s  are more d i f f i c u l t  t o  
c a l c u l a t e ,  however, s i n c e  there peaks occur  dur ing  r a p i d  
swi tch ing  between t h e  "off" rrtate and the s a t u r a t e d  "on" state. 
To v e r i f y  that  the power transistors w e r e  operating s a f e l y ,  
collector c u r r e n t  and co l l ec to r - emi t t e r  vo l t age  w e r e  ob ta ined  
s imultaneously on an osc i l loscope .  Photographs showing t h e  

s h o r t  turn-on and turn-off  pe r iods  w e r e  taken of the  osci l lo-  
scope sc reen  f o r  worst-case condi t ions  of input  vo l t age  and 
load. The photographs ( such  as those shown i n  Figure 29) w e r e  
t hen  used t o  plot  collector c u r r e n t  v8 collector-emitter vol tage .  
These cur ren t -vol tage  rrwitching curves could then  be compared 
t o  the manufacturers safe ope ra t ing  area s p e c i f i c a t i o n s  for  t h e  

power t r a n s i s t o r s .  Switching curves  a r e  shown i n  F i g u r e  30 
fo r  t h e  f o u r  types  of power t r a n s i s t o r s .  Safe ope ra t ing  a r e a s  
are shown for t h e  shortest t i m e  pe r iods  specified by t h e  

manufacturers ,  al though switching is a c t u a l l y  completed i n  a 
f r a c t i o n  of a microsecond. The graph of Figure 30b corresponds 
t o  the photograph of Figure 29. 

B. Calcula ted  R e l i a b i l i t y  

An e s t i m a t e  of the  r e l i a b i l i t y  of the EMCR131A may be c a l c u l a t e d  
us ing  the ex tens ive  test da ta  a v a i l a b l e  f o r  h i g h - r e l i a b i l i t y  
component parts. Each component p a r t  i s  assigned a f a i l u r e  
rate, 1, ( f a i l u r e s h r )  based on t h i s  test  data .  For the h igh  

r e l i a b i l i t y  component p a r t s  used i n  t h i s  u n i t ,  t h e  f a i l u r e  r a t e s  
are very small - on the order of fa i lures /hr  - and occur a t  
random. 
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The r e l i a b i l i t y ,  R, is defined as t h e  p r o b a b i l i t y  t h a t  t h e  

u n i t  w i l l  su rv ive  f o r  t h e  durat ion,  t ,  o f  t h e  mission. For 
non-redundant c i rcu i t s ,  it is assumed t h a t  a f a i l u r e  o f  any 
component pa r t  c o n s t i t u t e s  a f a i l u r e  of t h e  u n i t .  The re- 
l i a b i l i t y  i e  given  by, 

R - e  -tc h 
w h e r e x A i a  the Bum of the f a i l u r e  rate8 of a l l  components 
i n  the u n i t .  

If the unit had been designed on t h e  bas i s  of one conve r t e r  
followed b y  fou r  non-redundant f r e e  running switching-mode 
rsgulatore ,  t h e  r e l i a b i l i t y  could have been c a l c u l a t e d  by 
oumming a l l  t h e  fo r  one conver te r  and fou r  r egu la to r s .  

(conv) = 79.2 X loo8 f a i l u r e s / h r  
1 A (reg.) - 650 X 
1 A ( t o t a l )  = 2679.2 X 

f a i l u r e s h r  
f a i lu re s /h r  

Fon t h o  r equ i r ed  30,000 hour  mission, 

-30,000 X 2680 X loo8 o.447 R ( t o t a l )  =e 

Al te rna te ly ,  t h e  r e l i a b i l i t y  of each s e c t i o n  could be cal- 
c u l a t e d  sepa ra t e ly ,  and t h e  o v e r a l l  r e l i a b i l i t y  obtained by 
mul t ip ly ing  

R (conv) = 0.97651 -30,000 X 79.2 X l o m 8  =e 

as  before, m,ig 1sw ,qi';UtB, lees thar? 5c!% r h a x e  =E B??CCbSB, 

was not accoptablo, mo rome form of redundancy wae clear ly  
necerrary. 

' I  

' I  

' I  
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The simple b u t  b r u t a l  technique of p u t t i n g  t w o  complete 
DC/DC Converters  i n  paral le l ,  o r  us ing  pa ra l l e l  power stages 
i n  each f r e e  running switching-mode r egu la to r ,  has  s e v e r a l  
s e r i o u s  disadvantages:  

a. Considerable i n c r e a s e  i n  weight. The s i z e  and weight 
o f  the  chokes i s  l a r g e l y  determined by the  c u r r e n t  t h a t  

causes  them to  s a t u r a t e .  Thus the to t a l  choke weight 
of both s u p p l i e s  would be t w i c e  the choke weight of one 
supply of the p r e s e n t  design. The to t a l  weight of both 
power transformers, however, might be made about  the 
same as t h a t  of a s i n g l e  one of p r e s e n t  design (although 
t h i s  would mean degraded e f f i c i e n c y  i f  one supply should 
f a i l )  . 

b. Increased power loss.  Since t h e  free running switching- 
mode r e g u l a t o r s  are no t  c u r r e n t  dr iven,  each must be 
designed t o  c a r r y  the f u l l  load  c u r r e n t .  The bases of 
the power t r a n s i s t o r s  must be dr iven  accordingly,  which 
takes t w i c e  as  much d r ive  power as for  a s i n g l e  u n i t .  
I n  add i t ion ,  t h i s  harder d r i v e  w o u l d  i nc rease  the switch-  
i n g  storage time of the  power t r a n s i s t o r s  under normal 
ope ra t ion  and therefore heavier  f i l t e rs  wou ld  be required.  

c. I n  o rde r  t o  remove a supply from t h e  system, fuses  ( w i t h  
a c c u r a t e  r a t i n g s )  w o u l d  be requi red  and t h e  c u r r e n t  l i m i t -  
ing- incorpora ted  i n  the DC/DC Converter w o u l d  make it 
d i f f i c u l t  t o  blow these fuses. 

The very l o w  r ipple  r e q u i r e m e n t s  make high g a i n  wideband 
c i r c u i t s  con ta in ing  many component par t s  necessary.  
most of these component par ts  ope ra t e  a t  l o w  l e v e l s  and are 
compatible w i t h  i n t e r g r a t e d  c i r c u i t s .  The redundant vo l t age  
s e n s e  modules and c u r r e n t  l i m i t i n g  c i r c u i t s i n c l u d e  most of 

t h e s e  l o w  l e v e l  component parts. 

Fortunately,  
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The r e l i a b i l i t y  of redundant c i r c u i t s  i s  enormously better 
than  for non-redundant c i r c u i t s  w i t h  s imi la r  numbers of parts.  
C a l c u l a t i o n  for redundant c i rcui ts  are e a s i l y  accomplished 
us ing  t h e  u n r e l i a b i l i t y ,  0 ,  which i s  t h e  p r o b a b i l i t y  of f a i l u r e .  

A r e l i a b i l i t y  block diagram of the 12V free running switching- 
mode r e g u l a t o r  is shown i n  Figure 31, S ince  the voltage sense  
c i r c u i t s  operate on a major i ty  basis, t w o  must f a i l  i n  o r d e r  
for the signal to the d r i v e r  t o  be incorrect. 
happen i n  any of fou r  ways: 

This m i g h t  

Condition 
W1 and W2 f a i l  

W2 and W3 f a i l  

W1 and W3 f a i l  

Wl and W2 and W3 f a i l  

P r o b a b i l i t y  
Q1 X Q2 = Q1 

Q2 X Q3 = Q1 

2 

2 

2 Q1 X Q3 = Q1 

The p r o b a b i l i t y  t h a t  any of  t h e s e  cond i t ions  w i l l  ex i s t  is  then  

The f a i l u r e  
f i l t e r s / h r ,  

Therefore ,  

rate f o r  each vol tage  sense  module i s  A = 116.5 X loo8 

-30,000 X 116.5 X .0349 Q1 = 1-R, = 1-e 

45 = .00370 

% = 10% = .99630 

which is a s u b s t a n t i a l  improvement oyer a s i n g l e  non-redundant 
v o l t a g e  sense  module. A c t u a l l y  it is  l i k e l y  t h a t  i f  t w o  vo l t age  
s e n s e  module f a i l e d  i n  oppos i te  d i r e c t i o n s  (1.e. W1 "on" and W2 
"off") the remaining vo l t age  sense module would s t i l l  c o n t r o l  t h e  

free running switching-mode r e g u l a t o r  and no o v e r a l l  f a i l u r e  would 
occur .  The estimate above i s  t h e r e f o r e  conserva t ive .  
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FIGURE 31. R E L I A B I L I T Y  BLOCK 
DIAGRAM, 12V FREE 
RUNNING S W  I TCH ING- 
MODE REGULATOR.  
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The c u r r e n t  l i m i t i n g  c i r c u i t s  p re sen t  a d i f f e r e n t  t ype  of 
redundancy. H e r e ,  on ly  those cond i t ions  w h i c h  lead t o  a 
premature shut-down of one output  need be considered as a 
f a i l u r e .  Refer r ing  t o  the schematic, F igure  11, the  f a i l u r e  
ra te  for  s e c t i o n  A is  A A = 15.5 X 

on ly  5.18 X of these would t u r n  t r a n s i e t o r  951 on - t h e  
others would t u r n  it off.  Both 0 5 1  and 052 must t u r n  on 
prematurely for a f a i lu ro  to  occur. The probability that 
t h i s  w i l l  happen 18 

f a i l u r e f i r .  H o w e v e r ,  

-8 2 
) -30,000 X 5.18 X 10 

Q, = QA QB QA2 = ( 1-o - 0.00000243 

RE = 0.99999757 

The rest of t he  free running switching-mode r e g u l a t o r  is 
non-redundant and the f a i l u r e  rates of these non-redundant 
component parte Bum t o  A NR - 74.1 x 10'~ f a i l u r e s h r  of 
w h i c h  almost half would occur  h the ou tpu t  capacitor bank. 

Therefore 

The r e l i a b i l i t y  of the free running switching-mode 
r e g u l a t o r  i s  t h u s  

The r e l i a b i l i t y  of the 20V and 50V free running switching-mode 
r e g u l a t o r s  are c a l c u l a t e d  i n  a s i m i l a r  way and t h e  r e s u l t s  are 

R ( 1 2 V  reg) = % X Rs X RNR = -97442 

R ( 2 0 V  reg) = -98661 
R ( 5 0 V  reg) = .98595 

which are higher because there is no load t r a n s i e n t  requi re -  
ment on these outputs ,  therefore f e w e r  capacitors are requi red .  

Althouqh these redundant c i r c u i t s  improved t h e  free running 
switching-mode r e g u l a t o r  r e l i a b i l i t y  g r e a t l y ,  they  r equ i r ed  an 
a u x i l l i a r y  power supply. A8 descr ibed i n  Sec t ion  I11 paragraph 
D, Power for Low Level Modulea, t h i a  a u x i l l i a r y  power supply ia 

\ 
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f u l l y  redundant i t s e l f .  
r e g u l a t o r  ( A  = 32.3 X 10" f a i l u r e s / h r )  and a conver te r  (A= 

43.8 X lo-' f a i l u r e s f i r )  . 
Each s e c t i o n  con ta ins  a switching 

Each s e c t i o n  thcn has  
-30,000 X 76.1 X 10" ~ QA =,QB 1 - e 

and s i n c e  both s e c t i o n s  must  f a i l  i n  order t o  cause an over- 
a l l  f a i l u r e ,  

Q(aw) = Q ~ '  = . O O O S ~ ~  

R(aux) 1-Q = -999489 

The r e l i a b i l i t y  o f  the entire unit  is the product o f  these 
separate f igures ,  

, 

2 R ( t o t )  = R(conv) x R(12V reg) x R(20V reg) x R(5W reg) x R ( 4 w )  

= ( -97651)  x ( .97442)2 x ( -98661)  x (.98595) x (.00049) 

= -90146 

This  f i g u r e  i n d i c a t e s  more than 90% p r o b a b i l i t y  of completing 
a mission of n e a r l y  fou r  years  i n  a space environment with no 
f a i l u r e s  and n e g l i g i b l e  d r i f t .  
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FREE-RUNNING SWITCHING-MODE REGULATORS 
A. An a l v s i s  

The b a e i c  freo-running rwitchlng-mode r e g u l a t o r  i r  rhown 
i n  Figuro 1. Thir free-running rwitching-modo rogu la to r  
convorta  an unroguh tod  DC i n p u t  voltago, El, to  a lowor 

and regula ted  DC o u t p u t  vol tage,  E2, by a l t e r n a t e l y  open- 
i n g  and c l o e l n g  the ewitch, s, a t  a high r e p e t i t i o n  rat.. 

A emall ripple vol tage,  e, varying a t  the  swi t ch ing  r a t a ,  
appear8 eupe rhposed  upon E2. 
reference vol tage,  Eref, equal  t o  the deelred B2, by 
meana of a_ comparator with h y e t e r e a i e  6. Thue when 0 

increaeee to +2 the s w i t c h  6 opene caus ing  the  choke 
vo l t age  t o  r eve r se  t o  the p o i n t  where CR conducti .  When 
e decrease8 t o  s C l O f 3 e 8  again.  S ince  the w i t c h i n g  
frequency i 6  high (porhapa 10 kHz), RC i a  l a r g e  ( 7 1 0  ma), 
and 0 i a  amall  (< 10 mv) t tho voltago acroaa L i a  approxi- 

E2 + e Is compared t o  a 

d 

-62- 



mately E1-E2 when 6 i o  cloeed and approximately -E2 
when 6 i o  open. Thus a near ly  conetan t  c u r r e n t  (I) 
f l o w 6  i n  the load, a t r i a n g u l a r  c u r r e n t  (A) f low.  h 
L and C, and both c u r r e n t s  (I + i) f l o w  i n  t he  induc- 
t o r  L. The vo l t age  and c u r r e n t  wavoforme are rhown 
for d - 0 i n  Figuro 2, 

L 

FIGUKEZ.  CURR€I\)T AND VOLTAGG j 

I D E A L  C\RCUIT.  
Figure 2 shows s e v e r a l  i n t e r e s t i n g  f ea tu ree .  
ou tpu t  ripple vo l t age  1. 90° o u t  of phase w i t h  the  
c i r c u l a t i n g  c u r r e n t  and ie composed of  parabola6 
whoee ampli tudes depend upon the DC voltages .  
t ha t  e may con ta in  a DC component. N o t e  aleo tha t  
nothing determinee the ope ra t ing  frequency except  
the i n i t i a l  condi t ione-the waveforms cou ld  j u s t  ae  
w a l l  have been drawn f o r  a lower frequency, higher 
peak-to-peak c u r r e n t ,  and higher ripple. 
t he  first c l u e  t h a t  t h e  model of Figure 1, w i t h  ideal 
component., is no t  an adequate descr ip t ion  of a working 

r egu la to r .  I f  the hyeteresim is no t  zero,  the  ampli- 
tude  of e and of I w i l l  increaee  w i t h  each c y c l e  u n t i l  

where tha ravermo Currant. chango t h a  mode of oporation.)  

The 

Note 

This is 

tho l o a s e r  damp it o u t  (or u n t i l T i .  i greater than  I, 



0 d t  

I \ 

Any tin dolay in tha foodbrok loop, aueh u atorag. 
tk. of a pmmr tranrhtor uwd am tho .witch P, w i l l  
cauio 8 r i a i l u  h t m b i l i t y .  
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Actually, tho rogulator c i r c u i t  m h o w n  in P i g u m  1 
dooa work i n  pract ico (tho EMCRl31 umod four of 
thomo rogulator circuit. quit. muccommfully) mo thua 

actual c i r c u i t  which wora rrot inC1ub.d 4.n our  id081 
mod.1. 
that tho 8ori.m r8mbtanc0, Re, w i t h h  C b r . . ) . r u i b l O  

for tho mtability. 
a h a l l  d.9.lop .II - 0 B 8 h h  for th. C I I I c m t  Urd, frOr 

t h i . 8  &rim an uprormion for tho ripplo voltag, in 
torma of th0 c i r c u i t  parammtorm. 

mumt bo m o 1 .  10.mOm or fOOdb.clr ph8.0 10.d. th. 

Obaorvation of tho aotrul 0 wa+.form h d b a k .  

'Po d.Ponmtqat0 haw thb OWUS.. w 

Tho c i r c u i t  diagram in Figuro 4 i m  a much wro a c c u r a k  
rapromontation of an ac tua l  froo-running switchhg-aok 
rogulator than tho on. ahown i n  Figuro 1. This c i r c u i t  
producom tho wavaforrm mhown h Figuro 5 .  

+ VDC 
OUTPUT 
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FEURE 5. CURRENT AND VOLTAGE 
ACTUAL CIRCUIT. 

A t  .0m0 poht, t,, during th. cycBo, 0 w i l l  bo da- 
Olnco tho fad-  

b8ck loop contain. 8urb.r of tranrimtorm, tho nuin 
switching trurmiator do00 not turn on until  a rhort 
thw dolay, Ton, h a m  a h p u d .  
t a  \ (a- Piguro S ) #  8t  Which t b  

crrufng and w i l l  parr through -z. d 

T h i m  bring8 um to 

-twoma t, mnd \ tho curront fm 

*.*re 7 

trianglo curront 8nd i m  tho dopondont variablo to 
find. 

il the pehk-ta-prek aEp1itQd- af the 'PP 

By combining oquationm 3 and 2 and intograting, 
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tb During the  t i m e  the  switch S i s  c losed  (between 
and td),  the c u r r e n t  and vo l t age  are 

rt 
e = % + (i-\) Rc + - d i d t  

By combining equat ions  5 and 6 and i n t e g r a t i n g ,  

(t-tb) 2 
2LC + 

Evaluat ing t h i s  a t  t i m e  tc, when t h e  vo l t age  has  

increased  t o  + y a n d  by us ing  equat ion  4, d 

d = - -  d -$ T R - &&L Ton + k T  ec =3- 2 on c 2LC on 

Although e has  reached% there i s  another  t h e  de lay ,  
before t h e  switch S opens. (This delay is  

l a r g e l y  caused  by t h e  s t o r a g e  t h e  of t he  t r a n s i s t o r  
which i s  used  a s  t h e  s w i t c h  S and i s  usua l ly  much 
longer  than  the d e l a y  Ton.) 

i n  equat ion  8 by not ing t h a t  

teff, 

W e  can so lve  for tc-tb 

therefore: 
L 

(tC'\) = x  1 - E2 I pp - Teff 
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I 

I 
I 

Using t h i s  i n  equat ion 8 ,  
d -- 2 El - -E2  E 1 4 2  2 

ToffRc + 2Lc Torr E 2 T R + * T  - 
L on c 2LC on L 

+ I R -.bL Ton - r T o f f  IPP 
PP c 2c 

and s o l v i n g  t h i s  f o r  the c u r r e n t  amplitude i n  term8 
of the independent va r i ab le s ,  

'PP 
1 -  Tnn + Teff 

2RcC 

Equation 1 3  confirms the p rev ious  conclus ion  t h a t  i f  
d is greater than  zero, Rc must be g r e a t e r  t han  zero, 
or I w i l l  g r o w  very large. What is more, it s h o w s  
that  2RcC must be greater than  (Ton + Teff) or  a 
similar i n s t a b i l i t y  w i l l  r e s u l t ,  These c o n d i t i o n s  are 
usua l ly  m e t  i n  power k e g u l a t o r s  because the large 
e l e c t r o l y t i c  c a p a c i t o r s  w h i c h  must be used have f a i r l y  
large RcC products ,  It is n o t  u s u a l l y  d e s i r a b l e ,  
however, for RcC t o  be very  much larger t h a n  r equ i r ed  
for s t a b i l i t y .  A s  we s h a l l  see (para.  B), a large 
RcC r e q u i r e s  a large LC i n  order t o  achieve  a l o w  
level  of ripple. 
i n  the feedback loop which compensates for  the de lays  
and h y s t e r e s i s ,  If a capacitor w i t h  a very l o w  RcC 

w e r e  used, some other f o r m  of phase lead would  have 
t o  be in t roduced  t o  make the c i r c u i t  stable. 

PP 

Actual ly ,  Rc p rov ides  a phase l e a d  
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Continuing toward an sxpreseion for t h e  peak-to-peak 
r i p p l e  vol tage.  E note t h a t  w e  have a l ready  found 
the  vo l t age  (for ewitch 8 cloeod)  i n  equat ion 7. XU- 

PP 

ar ranging  

o = -  

de  I f = -  0 

c l o 8 e d .  e 

equat ion  7 and ueing equat ion  4, 

E2 + -  E2 2 " - c I _ p p _ +  Ton ~ L C  Ton 2c 2 

a t  some time, t m i n 8  w h i l e  t he  owitch i m  

w i l l  reach l t e  minimum a t  t h a t  t h e .  

t h o r e f o r e  I 

Xt i m  p088ibl08 however, f o r  de t o  be g r e a t e r  than 

zero a t  a l l  t i m e .  between \ and td (switch c losed ) .  
"hum 0 i a  minimum a t  

I 

(tmh'\)m = rDDL -RcCL .II { .+iJ-RcC if'o (17) 
0 ifS 0 2 ("1=E2) 

Noting t h a t  

*2 I 
(tmin-tb) m a / r E 2  I 

2c L RC LC 

wm may ume equat ions  14 and 17 t o  o b t a i n  

N o t e :  [ ] = If t h i s  t e r m  becomes a negat ive  value it 
is t o  be set  equal  t o  zero .  
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kr oxaotly uralogoum oquat ion applio. for ornu - 

and by combining oquationm 19 urd 20, 

1 pp .mx - .rin 

'on 
E2 

+2Lc 

where I i m  given by equation 13. PP 
B. Components 

Equat ion 13 makes It clear tha t  w e  m u r t  havo 

for mtab i l i t y .  
bocaumo ovon t h o  b o a t  o l o c t r o l y t i c  capac i to r6  a v a i l a b l o  
aro m t i l l  f a i r l y  lommy. It moomm l i k o l y ,  howovor, t ha t  
a vory lommy c a p a c i t o r  would  bo undomirablo for o t h e r  
roamonr. 
componont parmotorm ( inc luding  RcC) to thomo condition. 
which would bo mpocifiod by tho a p p l i c a t i o n  of t ho  
r + ~ ~ h t o r ~  !?a can thrn inarrt valurm for t h o  corn-ponont 
paramotor8 An t ho ro  r r l a t i o n a  and obmorvo how on. 
paramotor (much a8 ReC) affoct. tho r .quiromontr on 
any o t h o r  parmotor. 

T h i m  promontr no problem i n  p r a c t i c o  

Uo am oxmino  thim quomtion by r o l a t i n g  tho 
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A good design i e  t o  a d j u s t  t h e  input  vo l t age  range 
t o  have t h e  woret r i p p l e  occur8 a t  t h e  h ighea t  i n p u t  
vo l t age  (Em)*. 
e a t  cauaing a low of f i c i ency .  Therefore,  an e f f i c i e n t  
deeign must  maintain tho  frequency below eome practical 
maximum fm a t  Em. 

A t  t h i s  p o i n t  t h e  frequency is high- 

Tho t h o  f o r  on. per iod  i o :  

To koop below fm# a c e r t a i n  LI product  im roquirod, PP 

Mult ip ly ing  Bq. (13) by  L givee8 
T Teff Lc d + B2 Ton (1- e) + ( E l - g Z ) T o n ( l - R ~  

(25) 

L I  - RCc C 

Ton + Teff 
RCc 

PP - 
1 -  

This is e s p e c i a l l y  safe because r i p p l e  increase6  .lowly 
w i t h  i nc reas ing  input  vo l t age  a t  h i g h  input88 b u t  it 
increasee  r a p i d l y  with d e c r e a e h g  inpu t  vo l t age  a t  loW 
inpute .  (see Figure 12 ,  Goction 1x1.) However, 
e f f i c i e n c y  requirement8 may d i c t a to  8 W0r.t caoo r i p p l o  
a t  1owm.t  i npu t  voltago. 

* 
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where L I  is de te rmined  by Eq. (24) 
PP 

I n s e r t i n g  t h i s  expression f o r  d i n  Eq. (21)  f o r  t h e  
r i p p l e  and so lv ing  f o r  LC gives .  

Ton + Ton 
(LIpp (1- RCc ) - ~ 2  Ton (1- m> C 

RCc 
Lc= E 

PP 

r r L I  l2 1 

Em-E2 2E PP (2RcC Toff .. ToffZ +[”- 2E,-E2 - 

Thi6 reduces to, 
r 

LCZ- L I  [RcC - Tm Teff 3 
PP E 

PP 
2 

+ -{Ton 2 + [  - RC.].3 2E2 
2 

The requi red  LC product  and h y s t e r e s i s  d can then be  
c a l c u l a t e d  f o r  given vol tages ,  d e l a y  t i m e s ,  and capaci-  
to r  q u a l i t y  using Eq’s (241, (26), and ( 2 8 ) .  

This mean6, then, t h a t  t o  design f o r  a given r i p p l e  Erin 
at a given f ( m u )  and a given El(max), using a given 
t r a n s i s t o r  ewitching speed (Toff,  T 

q u a l i t y  of c a p a c i t o r  (RCC), r e q u i r e s  a c e r t a i n  LC 

product  which i n  t u r n  determines t h e  d requi red  

F F  

) and a given on 
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(through equat ion  26)  and the I ( through equat ion  
25) .  
the  LC and d requi red  t o  g i v e  a 5 mv E PP 
a8 a func t ion  of RcC. The values  assumed for  vo l t ages  
and swi tch ing  t i m e s  are approximately as expected for 
the 12  VDC r egu la to r s .  F igure  6 s h o w s  t h a t  fo r  f a i r l y  
l o s s y  capacitors, the LC r equ i r ed  is p ropor t iona l  t o  
RcC - and m o s t  of the weight of the r e g u l a t o r  i s  con- 
c e n t r a t e d  i n  L and C. The capacitor should no t  be too 
good, however, because a smaller RcC r e q u i r e s  a smaller 
h y s t e r e s i s .  
Ton + T o f f ,  b u t  for  good n o i s e  immunity the h y s t e r e s i s  
should be a t  least  a m i l l i v o l t .  

PP 
T h i s  can be seen g raph ica l ly  i n  F igure  6 w h e r e  

are p lo t ted  

The h y s t e r e s i s  reaches zero a t  2RcC = 
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